Abstract: A solvent-free process was developed for the direct production of lactic acid from glucose in a mechanocatalytic process in the presence of Ba(OH) 2 , and a moderate lactic acid yield of 35.6% was obtained. Glucose conversion and lactic acid formation were favorable at higher catalyst/glucose mass ratios. However, at relatively lower catalyst/glucose mass ratios, they were greatly inhibited, and the promotion of fructose formation was observed. The mechanocatalytic process was applicable for various carbohydrates such as C 5 sugars, C 6 sugars, and disaccharides with 20-36% lactic acid yields achieved. This work provides a new pathway for the production of value-added chemicals from biomass resources.
Introduction
New and sustainable approaches to convert biomass resources to chemicals and fuels are required to address the concern of energy crisis and environmental pollution [1, 2] . Many value-added chemicals such as formic acid, acetic acid, furfural, 5-hydroxymethylfurfural, and levulinic acid have been successfully synthesized from biomass starting materials such as monosaccharides (glucose and fructose), polysaccharides (sucrose, starch, and cellulose), or even raw bio-waste such as corn stalks, rice straws, and shrimp shells [3] [4] [5] . Among these chemicals, lactic acid is an important building-block intermediate which has wide applications in food, cosmetic, pharmaceutical, and chemical industries as well as in biodegradable plastics [6] .
The large demand of lactic acid has stimulated the improvement of synthesis methods such as fermentation and chemocatalysis [7] . Although presently more than 90% of commercial lactic acid is produced by fermentation, this method suffers from the drawbacks of high cost, low productivity, and long fermentation time [6] . The chemocatalytic production of lactic acid from biomass has attracted increasing attention in recent years. Research has been conducted for the catalytic conversion of biomass and its derived carbohydrates to lactic acid/alkyl lactate in water or organic solvent, with diverse homogeneous or heterogeneous catalysts such as metal salts, zeolite, sodium silicate, and alkali [7, 8] . The use of alkali in aqueous solutions has been proved to be efficient in producing lactic acid from biomass with low to moderate yields of 10-55% under harsh conditions [9] [10] [11] [12] . However, a few problems still hinder the utilization of this method. The corrosion, energy consumption, and waste streams of the solvents also hamper the sustainable aspect of the catalytic conversion of biomass.
The mechanochemical process is an ancient synthesis method which normally refers to the solid-solid reaction induced by mechanical energy such as stretching, shearing, and grinding. Recent decades have witnessed a flourishing revival of mechanochemistry for its high efficiency, wide applications, and advantage regarding the concern of environmentally friendly and sustainable development [13] . Among its various applications, the mechanocatalysis of biomass has gained much attention because of its potential to be a green and practical pathway in biomass pretreatment. Lignocellulose can be more efficiently converted into sugars, alcohols, furfurals, and other biomass-derived chemicals after being pretreated by mechanochemical processes [14, 15] . Cellulose and lignin were ball milled after being mixed with acidic and basic solid catalysts, respectively, and it was found that the mechanocatalysis process could depolymerize the substrates and result in water-soluble fractions, since the β-1,4 glyosidic bond and β-O-4 linkage can be cleaved by a synergistic effect between the solid catalyst and mechanical forces [16] [17] [18] . Recent work has mainly focused on the mechanochemical pretreatment of lignocellulosic biomass, which could greatly increase the yield of target products or relieve the severity of reaction conditions followed by a tandem process of hydrothermal acid hydrolysis or enzymatic hydrolysis [19, 20] .
In this work, an attempt was carried out to use glucose as a feedstock and a solid base, Ba(OH) 2 , as a catalyst in a ball milling process. It was found that moderate lactic acid yields could be achieved with the ball milling method. Although the yield was not as high as that reported in our previous work [21] , it took a much shorter reaction time (4 h versus 48 h), which should partly ascribed to the increase in the reaction temperature from 25 to 40 • C. To our knowledge, this is the first report of the direct production of lactic acid from a biomass-derived substrate with the mechanocatalytic process, which provides a new method for the production of value-added chemicals from biomass resources.
Results and Discussion

Effect of Milling Duration
The catalytic conversion of glucose in the presence of a solid base, Ba(OH) 2 , in the ball milling process was examined. First, the effect of milling duration on glucose conversion was investigated ( Figure 1 ). When the milling duration was shorter than 2 h, the milling was operated continuously. When the milling duration was longer than 2 h, milling was turned off every 2 h for 20 min to avoid overheating in the mill.
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Results and Discussion
Effect of Milling Duration
The catalytic conversion of glucose in the presence of a solid base, Ba(OH)2, in the ball milling process was examined. First, the effect of milling duration on glucose conversion was investigated ( Figure 1 ). When the milling duration was shorter than 2 h, the milling was operated continuously. When the milling duration was longer than 2 h, milling was turned off every 2 h for 20 min to avoid overheating in the mill. It can be seen that glucose could be effectively converted in the ball milling process, and 71.5% conversion could be observed within 1 h. After 4 h, above 97% of the glucose was converted. At the initial stage of ball milling, fructose was the main product, which achieved a maximum yield of 17.5% It can be seen that glucose could be effectively converted in the ball milling process, and 71.5% conversion could be observed within 1 h. After 4 h, above 97% of the glucose was converted. At the initial stage of ball milling, fructose was the main product, which achieved a maximum yield of 17.5% at 0.5 h and then gradually decreased to 2.4% after 6 h. Meanwhile, as the reaction proceeded, the formation of lactic acid could be observed, and the yield of lactic acid gradually increased to 35.6% after 6 h milling duration. The other minor products included glyceraldehyde, glyceric acid, glycolic acid, acetic acid, and formic acid, and they were generally formed in the catalytic conversion of glucose by base catalysts under hydrothermal conditions [9, 10] . These results indicated that glucose could be effectively converted into lactic acid by mechanocatalysis in the presence of Ba(OH) 2 . From the products distribution shown in Figure 1 , it is assumed that glucose is first isomerized to fructose by Ba(OH) 2 , followed by retro-aldol fragmentation into glyceraldehyde and dihydroxyacetone. Glyceraldehyde is one of the main intermediates in the catalytic conversion of C 6 sugars under hydrothermal conditions [22] and had a yield of 11.6% after 6 h milling duration in this work. It should be noted that dihydroxyacetone and pyruvaldehyde were not detected, which probably resulted from their instantaneous conversion to lactic acid and other byproducts once generated in the reaction system [11] . The other small molecular organic acids originated from the further oxidative cleavage of glyceraldehyde and dihydroxyacetone. In the control experiment for the ball milling treatment of glucose without addition of Ba(OH) 2 , no glucose conversion was observed. Also, a simple mixture of solid Ba(OH) 2 and glucose maintained for 48 h led to no change in the feedstock. These phenomena indicated the synergistic effect of the mechanochemical and base catalyst.
Effect of Sample/Ball Mass Ratio
In the mechanocatalytic reaction, the sample/ball mass ratio may have some effect on the ball milling process, and an appropriate sample/ball mass ratio benefits the reaction because of the sufficient movement and contact among balls, substrates, and the mill jar wall. The energy produced from rub, compression, and impact induces the chemical reaction and synergic effect between the catalyst and substrate, and contributes to the formation of products [23] . A series of sample/ball mass ratios were studied to examine its influence on the ball milling process. Ten ZrO 2 balls were used (ca. 20 g) and different sample masses consisting of Ba(OH) 2 and glucose with a mass ratio of 3:1 (total mass 1 g, 2 g, and 4 g) were ground for 4 h (Figure 2a) . Similarly, the effect of variation of the number of balls was also investigated by fixing the substrate amount (2 g), but changing the number of balls (Figure 2b ). It seems that there was no remarkable variation in glucose conversion, products distribution, or yield, either by changing the total sample mass or the ball number. In all cases, the yields of lactic acid and glyceraldehyde were around 34% and 9%, respectively, and the other products including fructose, glyceric acid, glycolic acid, acetic acid, and formic acid had yields ranging from 1% to 6%.
Catalysts 2017, 7, 170 3 of 8 at 0.5 h and then gradually decreased to 2.4% after 6 h. Meanwhile, as the reaction proceeded, the formation of lactic acid could be observed, and the yield of lactic acid gradually increased to 35.6% after 6 h milling duration. The other minor products included glyceraldehyde, glyceric acid, glycolic acid, acetic acid, and formic acid, and they were generally formed in the catalytic conversion of glucose by base catalysts under hydrothermal conditions [9, 10] . These results indicated that glucose could be effectively converted into lactic acid by mechanocatalysis in the presence of Ba(OH)2. From the products distribution shown in Figure 1 , it is assumed that glucose is first isomerized to fructose by Ba(OH)2, followed by retro-aldol fragmentation into glyceraldehyde and dihydroxyacetone. Glyceraldehyde is one of the main intermediates in the catalytic conversion of C6 sugars under hydrothermal conditions [22] and had a yield of 11.6% after 6 h milling duration in this work. It should be noted that dihydroxyacetone and pyruvaldehyde were not detected, which probably resulted from their instantaneous conversion to lactic acid and other byproducts once generated in the reaction system [11] . The other small molecular organic acids originated from the further oxidative cleavage of glyceraldehyde and dihydroxyacetone. In the control experiment for the ball milling treatment of glucose without addition of Ba(OH)2, no glucose conversion was observed. Also, a simple mixture of solid Ba(OH)2 and glucose maintained for 48 h led to no change in the feedstock. These phenomena indicated the synergistic effect of the mechanochemical and base catalyst.
In the mechanocatalytic reaction, the sample/ball mass ratio may have some effect on the ball milling process, and an appropriate sample/ball mass ratio benefits the reaction because of the sufficient movement and contact among balls, substrates, and the mill jar wall. The energy produced from rub, compression, and impact induces the chemical reaction and synergic effect between the catalyst and substrate, and contributes to the formation of products [23] . A series of sample/ball mass ratios were studied to examine its influence on the ball milling process. Ten ZrO2 balls were used (ca. 20 g) and different sample masses consisting of Ba(OH)2 and glucose with a mass ratio of 3:1 (total mass 1 g, 2 g, and 4 g) were ground for 4 h (Figure 2a) . Similarly, the effect of variation of the number of balls was also investigated by fixing the substrate amount (2 g), but changing the number of balls (Figure 2b ). It seems that there was no remarkable variation in glucose conversion, products distribution, or yield, either by changing the total sample mass or the ball number. In all cases, the yields of lactic acid and glyceraldehyde were around 34% and 9%, respectively, and the other products including fructose, glyceric acid, glycolic acid, acetic acid, and formic acid had yields ranging from 1% to 6%. 
Effect of Base/Glucose Mass Ratio
The effect of the base/glucose mass ratio on the glucose conversion in the mechanocatalytic process was investigated, where the total sample mass was fixed as 2 g. Ten ZrO 2 balls were used and the ball milling duration was 4 h. The results are depicted in Figure 3 , which shows that the base/glucose mass ratio had a great influence on both the glucose conversion, lactic acid yield, and the products distribution. Under high base/glucose mass ratio conditions (9:1 and 3:1), glucose could be effectively converted with a conversion higher than 96.5% and lactic acid was the main product (around 34% yield). When more glucose was used and the base/glucose mass ratio decreased to 1:1 and 1:3, the glucose conversion decreased sharply to 63.1% and 24.9%, respectively. Meanwhile, the formation of lactic acid was nearly inhibited and fructose became the main product by the isomerization of glucose. Therefore, in the mechanocatalytic process of glucose, a higher base/glucose mass ratio favors the conversion of glucose and lactic acid formation, and a relatively low base/glucose mass ratio is unfavorable for the conversion of glucose and lactic acid production, but beneficial for the fructose formation.
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Mechanocatalytic Conversion of Different Carbohydrates to Lactic Acid
Various carbohydrates, including C5 and C6 monosaccharides and disaccharides, were used as feedstocks for the mechanocatalytic production of lactic acid in the presence of Ba(OH)2. As shown in Figure 4 , all of these carbohydrates were efficiently converted with high conversion over 96%, and lactic acid could be effectively generated as the main product from these feedstocks. It is interesting that C5 monosaccharides such as xylose and arabinose could also lead to more than 30% lactic acid yields, the detailed mechanism of which will be investigated in future work. In addition, disaccharides such as cellobiose and lactose could be converted into lactic acid with around 20% yield. Prolonging the reaction time for disaccharides to 8 h did not increase lactic acid yield too much, and only a ~4% increment in lactic acid yield was observed. The lower lactic acid yield from disaccharides compared to monosaccharides can be attributed to the fact that it was subjected to an additional hydrolysis step before the lactic acid formation from glucose. Based on these results, mechanocatalysis was shown to be an efficient method for the production of lactic acid with moderate yields from various carbohydrates. 
Various carbohydrates, including C 5 and C 6 monosaccharides and disaccharides, were used as feedstocks for the mechanocatalytic production of lactic acid in the presence of Ba(OH) 2 . As shown in Figure 4 , all of these carbohydrates were efficiently converted with high conversion over 96%, and lactic acid could be effectively generated as the main product from these feedstocks. It is interesting that C5 monosaccharides such as xylose and arabinose could also lead to more than 30% lactic acid yields, the detailed mechanism of which will be investigated in future work. In addition, disaccharides such as cellobiose and lactose could be converted into lactic acid with around 20% yield. Prolonging the reaction time for disaccharides to 8 h did not increase lactic acid yield too much, and only a~4% increment in lactic acid yield was observed. The lower lactic acid yield from disaccharides compared to monosaccharides can be attributed to the fact that it was subjected to an additional hydrolysis step before the lactic acid formation from glucose. Based on these results, mechanocatalysis was shown to be an efficient method for the production of lactic acid with moderate yields from various carbohydrates. For comparison, the lactic acid production from glucose and fructose by mechanocatalysis in this work and those by the other conventional chemocatalytic processes in the references are listed in Table 1 . It can be seen that, from the aspect of lactic acid yield, the mechanocatalytic process in this work is comparable to some of the chemocatalytic processes. More importantly, this work provides a new strategy for the production of value-added chemicals from biomass resources. To further improve the lactic acid yield in the mechanochemical process, more efforts on catalyst development and process intensification have to be made in future work. 
Materials and Methods
Materials
Glucose (99%), fructose (99%), and xylose (98%) were purchased from Aladding Industrial Corporation (Shanghai, China). Mannose (99%), galactose (99%), lactose (98%), cellbiose (98%), ribose (99%), and Ba(OH)2·8H2O (98%) were obtained from J&K Scientific Ltd., (Beijing, China). Arabinose For comparison, the lactic acid production from glucose and fructose by mechanocatalysis in this work and those by the other conventional chemocatalytic processes in the references are listed in Table 1 . It can be seen that, from the aspect of lactic acid yield, the mechanocatalytic process in this work is comparable to some of the chemocatalytic processes. More importantly, this work provides a new strategy for the production of value-added chemicals from biomass resources. To further improve the lactic acid yield in the mechanochemical process, more efforts on catalyst development and process intensification have to be made in future work. 
Materials and Methods
Materials
Glucose (99%), fructose (99%), and xylose (98%) were purchased from Aladding Industrial Corporation (Shanghai, China). Mannose (99%), galactose (99%), lactose (98%), cellbiose (98%), ribose (99%), and Ba(OH) 2 ·8H 2 O (98%) were obtained from J&K Scientific Ltd., (Beijing, China). Arabinose (99%) was provided by Solarbio Agent Company (Beijing, China). Lactic acid (98%), formic acid (98%), glycolic acid (98%), and glyceraldehyde (98%) were bought from Sinophram Company (Beijing, China). Sulfuric acid aqueous solution (0.5 M) was purchased from Macklin Biochemical Company (Shanghai, China) . All chemicals were used without further purification.
Mechanocatalytic Process
The mechanocatalytic experiments were conducted with a planetary ball mill (DECO-PBM-V-21, Changsha DECO equipment Co. Ltd. (Changsha, Hunan, China). Typically, a 2-g mixture of substrate and catalyst was loaded into a 50-mL PolyTetraFluoroEthylene (PTFE) mill jar with 10 ZrO 2 balls which each had diameter of 1 cm and an approximate weight of 2 g. The mass ratio of sample/ball was 1:10 for all the experiments, and various base/glucose ratios were studied. The shaking rate was set to 500 r/min and the ball mill was paused for 20 min every 2 h of continuous milling in order to dissipate the possible heat produced. The temperature inside the mill jar was not over 40 • C.
Products Analysis
After the ball milling process, 20 mL 0.5 M H 2 SO 4 was purged into the mill jar to neutralize the base and acidize the possible salt products to their corresponding free acids. The mixture was stirred thoroughly to dissolve the products, and then centrifuged to obtain a clear solution. HPLC (Waters Acquity UPLC H-Class, Milford, MA, USA) was used to analyze the products. RI and UV detectors were connected in series in the system and were equipped with a Shodex SUGAR SH1011 column (SHOWA DENKO K.K., Tokyo, Japan). The temperature of the RI detector and column was set to 35 and 50 • C, respectively. A wavelength of 210 nm was used for the UV detector. 5 mM dilute sulfuric acid aqueous solution was used as the mobile phase at a flow rate of 0.5 mL/min.
All experiments were replicated at least three times, and the results were the mean values of the repeated trials and had relative deviations below 5%. The main values for the substrate conversion and products yield were calculated on carbon basis as follows:
Substrate conversion (%) = 1 − molar concentration o f remaining substrate molar concentration o f f eed substrate × 100%
Product yield (%) = moles o f carbon in the product moles o f carbon in the f eed substrate × 100% (2)
Conclusions
In this work, lactic acid was directly produced from glucose by ball milling in the presence of Ba(OH) 2 as a base catalyst, and the highest lactic acid yield of 35.6% was achieved after 6 h milling duration. In the ball milling process, a higher base/glucose mass ratio favored glucose conversion and the formation of lactic acid, while a relatively low base/glucose mass ratio was unfavorable for glucose conversion and lactic acid production, but beneficial for fructose formation. The proposed ball milling process is also applicable for the conversion of various carbohydrates with a lactic acid yield ranging from 20% to 36%.
